In the present study, the corrosion behaviors of chromium aluminum nitride (CrAlN) and titanium aluminum nitride (TiAlN) coatings deposited on AISI D2 steel samples are reported. Steel samples were pre-nitrided at 575
Introduction
Coatings provide a way of extending the limits of the use of the materials at the upper end of their performance capabilities, by allowing the mechanical properties of the substrate materials to be maintained while protecting against wear, oxidation, and corrosion. In many applications, the coated parts are frequently exposed to an aggressive working environment, for instance, a Cl − containing corrosive medium which has strong eects in promoting localized corrosion [1] . For the fabricated hard coating, two kinds of thin hard coating processes, which are CVD and PVD, have been put into practical application in worldwide industries [25] . The third one is the thermoreactive deposition (TRD) technique, which can be applied for carbide, nitride, or boride type hard coating on iron-based hard coating alloys. Reaction diusion laws govern the formation and the growth of intermetallic layers at the interface between solid and treatment bath in the thermochemical coating treatment [6] .
Most transition metals form binary or ternary nitrides, with good mechanical, tribological, anticorrosive, and biocompatibility properties. However, binary materials only give a partial response to the growing need to obtain materials with better properties and greater mechanical performance. The best example for the enhancement of the properties by the inclusion of a third component is titanium aluminum nitride. Titanium nitride (TiN) and titanium aluminum nitride coatings have been applied to tools, dies, and many mechanical parts to increase their lifetime and performance owing to their attractive properties such as high hardness, good thermal stability and oxidation resistance, good wear, and chemical stability [7] . Chromium nitride (CrN) based multicomponent nitride is a typical example. Similar to TiN, CrN has been successfully applied to the molding dies, wear components, and cutting tools. CrN is known to be superior to TiN in corrosion and wear resistances, friction behaviour, and toughness [8] . Similar to the TiAlN coating system, the incorporation of Al into the cubic CrN crystalline structure greatly enhances the hardness of the chromium aluminum nitride coating system [9] . In this work, TiAlN and CrAlN coatings were deposited on AISI D2 steel by TRD. The corrosion behaviour of the deposited coatings and substrate in a 0.5 M NaCl solution was tested and compared by an electrochemical method.
Experimental procedures
Titanium aluminum nitride and chromium aluminum nitride coating was performed on pre-nitrided AISI D2 steel with initial hardness value of 550 ± 80 HV and consisting of 1.54% C, 0.28% Si, 0.29% Mn, 0.023% P, 0.005% S, 11.3% Cr, 0.74% Mo, 0.77% Ni, 0.74% V, and iron (balance). Prior to nitriding, all the samples were prepared metallographically by grinding with a 1200 grid emery paper and polished by 1 µm alumina paste in the nal stage. The preparation of the substrates for the process consisted of ultrasonic aided cleaning with acetone and ethyl alcohol. The pre-nitriding treatment was carried out in nitrogen and ammonia atmosphere at 575
• C for 8 h. TiAlN and CrAlN coatings treatment were performed on the pre-nitrided steel by TRD in the alumina crucible at 1000
• C for 2 h for disk materials whose pack consists of ferro-titanium (for TiAlN), ferro--chromium (for CrAlN), aluminium, ammonium chloride and alumina. Alumina crucible was sealed with an alu-(359) mina lid and alumina-based cement. Characterization of nitro-titanized AISI D2 steel was carried out by using following devices and methods.
Cross-sections of coated steels were prepared metallographically to observe morphological details using Nikon Eclipse L150 microscope and JEOL JSM-6060 LV scanning electron microscope. XRD analysis was performed on the sample surface. Cu K α radiation with a wavelength of 1.5418 Å was used. The thickness of TiAlN and CrAlN layers formed on AISI D2 steel was measured by an optical micrometer attached to the optical microscope. The hardness of the coating layers and substrates was measured on the cross-sections using Future Tech FM 700 Vickers indenter with 5 g loads and during 5 s.
Corrosion behaviour of uncoated, TiAlN coated and CrAlN coated samples AISI D2 tool steels were examined in the aerated 0.5 M NaCl solution pH values of which is 5.96. Reagent grade chemicals and doubly distilled water were used for the solution preparation, and the tests were carried out at room temperature and open-air conditions. The traditional three-electrode system was applied, where in the saturated calomel electrode (SCE) acted as a reference electrode and a graphite bar as a counter electrode. The polarization curves were measured at a scan rate of 1 mV/s, starting from an initial potential of −0.1 V vs. the open circuit potential of the tested samples. Corrosion potential (E corr ), corrosion current (I corr ), anodic Tafel slope (β a ), cathodic Tafel slope (β c ) were provided after analyzing by that software.
Results and discussion
The TiAlN and CrAlN coatings have been produced successfully by thermoreactive diusion technique on AISI D2 steel. The cross-sectional optic micrographs of the coatings are demonstrated in Fig. 1 . As shown from this gure, the coating layers are compact homogeneous, with signicant regularities in their thickness, and presenting a smooth interface with the substrate. The coating thicknesses of TiAlN and CrAlN are 7.89 ± 0.34 µm and 11.8 ± 1.3 µm, respectively. XRD analysis of the TiAlN and CrAlN coated AISI D2 steel samples at 1000
• C for 2 h showed that the phases formed in the TiAlN and CrAlN coating layer were TiN, Ti 3 AlN and Ti 3 Al 2 N 2 , and Cr 2 N, (Cr,Fe) 2 N 1−x , AlN, Fe 2 N, respectively. The hardness of coating layers is much higher than that of the steel matrix (550 ± 80 HV) because of the presence of hard nitride phases [10, 11] . In particular, TiAlN coating showed higher hardness value (2251 ± 255 HV 0.005 ) than CrAlN (2067 ± 160 HV 0.005 ) coating [12] .
The corrosion potential (E corr ), current density (I corr ) and polarization resistance (R p ) obtained by Tafel calculations for uncoated, TiAlN and CrAlN coated steels are given in Table. Figure 2 shows the potentiodynamic polarization curves of the uncoated, TiAlN and CrAlN coated AISI D2 steels tested in the 0.5 M NaCl aqueous solution. The corrosion current density and the corrosion potential were obtained by the intersection of the extrapolation of anodic and cathodic Tafel curves. The corrosion current densities of the coatings were found much lower than that of the substrate steel. The corrosion behaviour of TiAlN and CrAlN may also have been aected because of the presence of Al. It has been reported that the addition of Al to the transition metal nitrides improves the corrosion resistance [1316] . The polarization resistance (R p ) of a metal is the slope of the potentialcurrent density (∆E/∆I) plot at the free-corrosion potential. The polarization resistance is related to the corrosion current, I corr , through the Stern Geary equation (Eq. (1)) [17] :
Potential polarization curves of the TiAlN and CrAlN coated samples include an evident passive stage. The existence of the passive region is due to the spontaneous formation of a thin oxide passive layer on the external surface when the coating is contacting the NaCl solution. This passive oxide layer eliminates localized corrosion and protects the steel substrate from degradation at the pinholes [8, 18] . As shown in Fig. 2 , the CrAlN coated sample has got the highest E corr value which is coming upon the upper site of passive region of the uncoated and TiAlN coated AISI D2 steels, and current density of the CrAlN coated steel is lower than that of the uncoated and TiAlN coated steels. These electrochemical characteristics demonstrated the capacity of the TiAlN and CrAlN coating for providing corrosion protection to the underlying substrate [19, 20] . Scanning electron micrographs (SEM) along with energy dispersive X-ray spectroscopy (EDS) analysis for TiAlN and CrAlN coatings are shown in Fig. 3 . In case of TiAlN coating, the EDS point analysis (Fig. 3b) shows the presence of Ti (75.91%) as the main phase along with Al (2.2%) and N (19.88%). A very small amount of Mo, Fe, Cr is present, which may be due to the micro voids or pores present in the coating. Further in case of CrAlN coating, Cr (67.06%) and Al (5.99%) are the main phases along with N (12.01) and O (11.23%), as indicated by the EDS analysis (Fig. 3c) . As shown from the EDS analysis, the elements of Al, N, and Ti for TiAlN coating and Al, N and Cr for CrAlN coating were detected on the corroded coated steel surfaces. These results show that the coatings layers formed on the steel sample withstand during the corrosion test.
Conclusions
The TiAlN and CrAlN coatings were deposited successfully on AISI D2 tool steel by using TRD technique.
